Cadherin 11 (Cdh11), a member of the cadherin adhesion molecule family, is expressed in various regions of the brain as well as the head and ear. To gain further insights into the roles of Cdh11 in the development of the ear, we performed behavioral tests using Cdh11 knockout (KO) mice. KO mice showed reduced acoustic startle responses and increased thresholds for auditory brainstem responses, indicating moderate hearing loss. The auditory bulla volume and ratio of airfilled to non-air-filled space in the middle ear cavity were reduced in KO mice, potentially causing conductive hearing loss. Furthermore, residual mesenchymal and inflammatory cells were observed in the middle ear cavity of KO mice. Cdh11 was expressed in developing mesenchymal cells just before the start of cavitation, indicating that Cdh11 may be directly involved in middle ear cavitation. Since the auditory bulla is derived from the neural crest, the regulation of neural crest-derived cells by Cdh11 may be responsible for structural development. This mutant mouse may be a promising animal model for elucidating the causes of conductive hearing loss and otitis media.
TECHNICAL REPO RT
The adhesion molecule cadherin 11 is essential for acquisition of normal hearing ability through middle ear development in the mouse 
Introduction
Cadherin-mediated cell-cell adhesion is a fundamental mechanism involved in cell fate specification, tissue organization and morphogenesis during embryonic development [1] . A member of the cadherin family, cadherin 11 (Cdh11), is expressed in the mesenchymal cells of the mouse embryo [2] . This expression pattern of Cdh11 differs from that of other cadherins, suggesting a morphogenetic role in mesenchymal development [3] . Cdh11 is also expressed in various regions of the central nervous system [4, 5] . Mice lacking Cdh11 showed the enhancement of hippocampal long-term potentiation (LTP) without changes in basal synaptic properties [6] . Cdh11-deficient mice also exhibited abnormal performance in acoustic startle response (ASR) and elevated-plus maze tests, suggesting that Cdh11 is involved in anxiety responses [6] . Although these anxiety-related behavioral tests are robust and work well in rodents [7, 8] , other physiological factors may influence the results of these tests. For instance, reduced ASRs can be explained by sensorimotor deficits. Indeed, some members of the cadherin family are expressed in the chick cochlea [9] , and cadherin 23 and protocadherin 15 are components of the tip link in hair-cell stereocilia [10, 11] . Although it is not well known about Cdh11 expression in the hearing organ of mammal, Cdh11 expression in mesenchymal cells may play a critical role in ear morphogenesis and hence normal hearing ability. To detect the cause of behavioral abnormalities in Cdh11 knockout (KO) mice with a highly homogeneous genetic background, we subjected mutant mice to morphological analyses and a series of behavioral and hearing tests examining sensorimotor functions, emotional behaviors and learning abilities. We found that Cdh11 (KO) mice exhibited moderate conductive hearing loss, which may cause impaired ASRs as well as otitis media.
Materials and methods

Experimental animals
Cdh11 KO mice were generated as described previously [12] . Homozygous KO and their wild-type (WT) littermates were produced by crossing heterozygous male and female mutant mice, which were backcrossed to C57BL/6J mice for eight generations. Three to four mice were housed per cage in a room with a 12-h light/dark cycle (lights on at 7:00 a.m.) and ad libitum access to food and water. This research was approved by the Animal Care and Experimentation Committee of University of Tokyo, and all experiments were performed according to the guidelines provided by the Committee and the National Institute of Health (NIH). For this study, we used the minimum number of mice required to obtain reliable data and tried to minimize their suffering as much as possible.
Behavioral experiments
Behavioral tests were performed using male mice aged 10-14 weeks and weighing >15 g at the beginning of testing. All behavioral tests, except for the startle response elicited by acoustic, air-puff, or electrical stimuli, were conducted in the following sequence: Sensorimotor reflex, wire-hang, open-field, light-dark transition, elevated plusmaze, ASRs/prepulse inhibition (PPI), tail-flick, and contextual and auditory fear conditioning tests. Each test was separated by an interval of at least 36 h. KO mice and their WT littermates were genotyped at the age of 3 weeks, and then used for the tasks. The startle reflex measurement system (SM-100, Kinder Scientific, Poway, CA, USA) was used for assessing ASRs and PPI as described previously [13] . Startle responses elicited by sounds, air-puffs, or electrical shocks were recorded as in the ASR and PPI experiments described above, except that the option for tactile responses (SMTAC, Kinder Scientific) or the electric shock generator (SMSCK, Kinder Scientific) was connected to the startle reflex measurement system. Three types of stimuli (i.e., 110 dB white noise, 50 pounds per square inch [psi] air-puffs, and 0.3 mA electric shocks) were presented to elicit startle responses. The methods for other behavioral tasks are described in the Supplementary Methods section.
Assessment of hearing function
Hearing function was assessed by ABR measurements. ABR measurements were performed as described previously [14] 
Morphological analysis
Micro-CT and histological examinations were performed to analyze middle and inner ear morphology. After ABR testing, a subset of mice killed by deep halothane anesthesia was scanned using the micro-computerized tomography (micro-CT) system (InspeXio SMX-90CT: Shimadzu, Kyoto, Japan). The data were analyzed using the MacBiophotonics ImageJ program for three-dimensional reconstruction, distance measurement, and volumetric analysis. A detailed volumetric analysis protocol is shown in Supplementary Figure 2 . A subset of mice scanned with micro-CT was reused for histological analysis, in which dissected tissues were fixed in 4% paraformaldehyde at 4°C, dehydrated through a series of ethanol washes, embedded in paraffin wax, sectioned into 5-μm thick slices, and stained.
In situ hybridization
As described previously [2] , a PstI-SmaI fragment of mouse Cdh11 was subcloned into transcription vector pSPT18 and labeled with digoxigenin-labeled UTP using the SP6/T7 transcription kit (Roche Diagnostics, Mannheim, Germany). Embryonic day 16.5 (E16.5) embryos were obtained from the uterus of pregnant C57BL/6J mice anaesthetized via intraperitoneal injection with 2,2,2-tribromoethanol (250 mg/kg body weight). Dissected heads from embryos anesthetized on ice were washed with phosphate-buffered saline (PBS) and frozen in optimal cutting temperature (OCT) compounds (Sakura, Finetek, Tokyo, Japan). Sagittal sections with a thickness of 10 μm were stored at −80°C for later analysis. For in situ hybridization, slides were fixed with 4% paraformaldehyde in PBS. After 10 min of acetylation with 0.25% acetic anhydrate in 0.1 M HCl (pH 8.0), prehybridization was carried out in hybridization solution (50% formamide, 5× standard saline citrate (SSC), 250 μg/ ml yeast tRNA, 5 × Denhardt's solution and 500 μg/ml salmon sperm DNA in diethylpyrocarbonate-treated H 2 O) at room temperature for 1 h. Slides were hybridized with 300 ng/ml of riboprobes in the hybridization solution at 72°C overnight. Sections were washed three times in 0.2× SSC at 72°C for 30 min, and then blocked in 1% blocking reagent (GE Healthcare, Tokyo, Japan). The tissue sections were exposed to anti-digoxigenin-AP Fab fragments (Roche Diagnostics) at a concentration of 1:1000 in a 1% blocking reagent overnight at 4°C. Slides were washed and placed in nitro-blue tetrazolium chloride/5-bromo-4-chloro-3′-indolyphosphate p-toluidine salt solution (Roche Diagnostics) until a blue color appeared.
Immunohistochemistry
E16.5, E18.5 embryos were obtained from the uterus of pregnant C57BL/6J mice anaesthetized via intraperitoneal injection with 2,2,2-tribromoethanol (250 mg/kg body weight). Dissected cranial bases from E16.5, E18.5 and postnatal day 2 (P2) embryos anesthetized on ice were fixed in 4% paraformaldehyde in PBS overnight at 4°C. Tissues were transferred to 15 and 30% sucrose in PBS for several hours. Tissues in 30% sucrose and OCT compound mixture (1:1) were frozen and stored at −80°C. Sagittal sections with a thickness of 20 μm were used. Rabbit polyclonal anti-cadherin 11 antibody (1:100; Thermo Fisher, 71-7600) was used for primary antibody. The biotin-streptavidin (B-SA) staining method with the Histofine immunostaining kit (Nichirei, Tokyo Japan) and 3,3'-diaminobenzidine, tetrahydrochloride (DAB) tablet (WAKO, Osaka Japan) was utilized for detection. and KO (n = 6) mice to acoustic (110 dB, 40 ms), tactile (50-psi air-puffs) and electric shock (0.3 mA) stimuli. The asterisks denote statistically significant differences (*P < 0.05, **P < 0.01, and ***P < 0.001) tested by Student's t-test.
Statistical analysis
Comparisons between genotypes were made by Student's t test and Χ 2 analysis *P < 0.05, **P < 0.01, and ***P < 0.001.
Results
Behavioral characteristics of Cdh11 KO mice
It is well established that genetic background significantly affects mice behavior. Among mouse strains, the C57BL/ 6 strain performs well in hippocampus-dependent learning and anxiety-related tasks and shows standard ASR amplitudes [15] . Since our KO mice were produced by homologous recombination in CJ7 ES cells derived from the 129SV/Sv strain [12] , we backcrossed KO mice to the C57BL/6 strain for eight generations to more precisely examine the effect of the Cdh11 disruption. Though KO mice were viable, the number of surviving KO mice at P21 was significantly fewer than expected from the number of their wild-type littermates (28% of expected survival, P < 0.01, Χ 2 analysis; Supplementary Table 1 ). This high lethality was similar to that in a previous study using the same allele [16] , We subjected survived KO mice to a series of behavioral tests examining sensorimotor functions, emotional behaviors and learning abilities. Behavioral characteristics of KO mice, excluding ASRs and PPI, are shown in Supplementary Figure 1 . It is important to note that during the elevated plus-maze test, KO mice stayed on the open arms longer and entered them more often than WT (Student's t test: Supplementary Figure 1a Consistent with our previous report [6] , the ASRs of KO mice were extremely reduced at various sound levels. KO mice showed significantly reduced startle amplitudes as long as noise level is higher than 70 dB of background noise (P < 0.001, Student's t test: Fig. 1a ). For the 75-dB prepulse, there was no significant difference between genotypes (P = 0.49, Student's t test) in the extent of PPI (Fig. 1b) . In contrast, for the 80-dB prepulse, KO mice showed significantly reduced PPI compared to their WT littermates (P = 0.04, Student's t test: Fig. 1b) . Since the primary neural circuit mediating the ASR is a simple oligosynaptic pathway, startle response latency is less than 100 ms [17] . Under our experimental conditions, the latencies to maximum startle amplitude in well-responding WT mice typically ranged from 28 to 50 ms (Fig. 1c, open circles) . The majority of KO mice did not respond well to most trials. However, when they responded well, their latencies to maximum amplitude were similar to those of WT mice (Fig. 1c, filled circles) , suggesting that the primary neural pathway for startle responses was intact in KO mice. Startle responses to various sensory stimuli are mediated by a common neural circuit within the lower brainstem and motoneurons [18] . To investigate possible deficits in the neural circuit of perception in KO mice, we examined startle reflexes elicited by air-puffs and electric foot shocks in addition to acoustic stimuli. As with the acoustic stimuli, the amplitude of startle responses elicited by air-puffs was extremely reduced in KO mice (P < 0.001, Student's t test: Fig. 1d ). However, KO mice exhibited normal responses to electrical foot-shocks (P = 0.079, Student's t test: Fig. 1d ). These results suggest that, in KO mice, the motor system that elicited startle responses was normal, reduced ASRs Fig. 2 Measurements of auditory brainstem response (ABR) and distortion product otoacoustic emission (DPOAE). a, b The ABR thresholds (mean ± SEM) of 2-week-old (a: wild-type [WT], n = 6; knockout [KO] , n = 9) and adult (7-12 weeks old: b: WT, n = 11; KO, n = 6) mice at various sound frequencies (2, 4, 8, 16, 24, and 32 kHz) . The asterisks denote statistically significant differences tested by repeated measures two-way ANOVA with the post-hoc Bonferroni test were caused by hearing deficits, and abnormal air-puff responses may also be associated with hearing loss.
KO mice exhibit moderate hearing loss
To test hearing function in KO mice, we measured ABR thresholds using 2-32 kHz sound stimuli. For all frequencies, the ABR thresholds of adult KO mice were significantly higher than those of WT mice by 20-30 dB (Student's t test: Fig. 2a) , indicating that moderate hearing loss occurred in adult KO mice. Increased ABR thresholds were also found in 2-week-old KO mice (Student's t test: Fig. 2b ), suggesting that hearing loss was not caused by age-related degeneration, instead occurred at an early developmental stage.
KO mice exhibit reduced auditory bulla volume and a middle ear cavitation defect
To investigate whether morphological defects contributed to the hearing loss observed in KO mice, we performed morphological analysis of the middle and inner ears. Three-dimensional reconstruction of micro-CT data showed that the auditory bulla encapsulating the middle ear was atrophied in adult KO mice (Fig. 3a, b , white arrow heads). Micro-CT image of the middle ear of WT mice showed that the air-filled middle ear cavity (AF) was clearly visible as a dark region (Fig. 3c) , whereas the airfilled area was extremely diminished (Fig. 3d) or disappeared (Fig. 3e) in KO mice. Moreover, in KO mice, the diminished areas were filled with non-air substances. Auditory bulla volume (mm 3 ) AF/(AF+nAF) (%) 1mm 1mm 1mm Fig. 3 Micro-computerized tomography (micro-CT) images of the ear and relationship between the auditory brainstem response (ABR) threshold and auditory bulla volume. a, b Three-dimensional reconstructions of the auditory bullae of adult (7-weeks old) wild-type (WT: a) and knockout (KO: b) mice. c-e Representative coronal 2D sections constructed from stacked micro-CT 2D images. A fully cavitated bulla in a WT mouse c, partially cavitated bulla in a KO mouse d, and bulla without cavitation in a KO mouse e are shown. f Stacked bar charts of the volume of the external ear (EE), air-filled area of the middle ear cavity (AF), and non-air-filled area of the middle ear cavity (nAF) inside the auditory bulla estimated by volumetric analysis (WT, n = 6 individuals, 11 ears in total; KO, n = 7 individuals, 14 ears in total). g, h Scatter-plot diagrams showing the correlation between the volume percentage of the AF [AF/(AF + nAF)] and ABR threshold (g: WT, n = 9 ears in total; KO, n = 9 ears in total) as well as the auditory bulla volume and ABR threshold (h: WT, n = 10 ears in total; KO, n = 9 ears in total). AB auditory bulla, AF air-filled area of the middle ear cavity, Co cochlea, EE external ear, In incus, Ma malleus, nAF nonair-filled area of the middle-ear cavity, TM tympanic membrane, Ve vestibule. The asterisks denote statistically significant differences (***P < 0.001) tested by Student's t-test.
Volumetric analysis with micro-CT (for methods, see Supplementary Figure 2 ) revealed that the size of the AF of KO mice was significantly smaller than that of their WT littermates (P < 0.001, Student's t test: Fig. 3f ). Furthermore, the size of the non-air-filled middle ear cavity (nAF) was larger in KO mice compared to WT mice (P < 0.001, Student's t test: Fig. 3f ). The volume of the external ear (EE) was not significantly different between genotypes (P = 0.43, Student's t test: Fig. 3f ). The volume of the auditory bulla (EE, AF, and nAF), a region covered by the bone around the middle ear, was statistically smaller in KO mice compared to WT mice (P < 0.001, Student's t test: Fig. 3f ).
We next examined the possible relationship between hearing impairment and morphological abnormalities of the auditory bulla in KO mice. Scatter-plot graphs of the ABR threshold against the ratio of the air-filled middle ear cavity to the total middle ear cavity [AF/(AF + nAF)] indicated a significant correlation in all mice (solid line, r = −0.895, P < 0.01: Fig. 3g ) as well as in WT mice alone (broken line, r = −0.692, P < 0.05: Fig. 3g ). Moreover, a significant correlation was observed between the ABR threshold and auditory bulla volume in all mice (solid line, r = −0.930, P < 0.01: Fig. 3h ) as well as in KO mice alone (broken line, r = −0.692, P < 0.05: Fig. 3h ). Thus, it was very likely that the moderate hearing loss observed in KO mice was caused by impaired cavitation of the middle ear.
The smaller size and loss of cavitation of the auditory bulla in KO mice were also observed in hematoxylin-eosin (HE)-stained sections during histological analyses (Fig. 4a,  d ). HE-stained sections were prepared from the same mice that previously underwent micro-CT analysis (Fig. 4c, f) . The layer of middle ear epithelial cells lining the auditory bulla of KO mice (ME, two-headed arrow; Fig. 4e ) was significantly thicker than that of WT mice (ME; Fig. 4b : WT, 11.8 ± 0.5 μm, n = 4; KO, 104.0 ± 19.4 μm, n = 6; P < 0.01, Student's t test). This indicates that middle ear cavitation, which is caused by the replacement of mesenchymal cells with an air-filled cavity, was not completed in KO mice. Although there appears to be a cavity inside the epithelial cell layer of KO mouse sections (Fig. 4d, e) , this region was not air-filled in most cases, which was similar to micro-CT images of the same area (Fig. 4f ) acquired prior to histological sampling. In WT mice sections, the cavity inside the epithelial cell layer was air-filled ( Fig. 4a-c) . In KO mice, there were some peculiar cells inside the auditory bulla, which were likely inflammatory cells (ICs: Fig. 4e ). Such peculiar cells existed in all middle ear cavities of KO mice we analyzed (n = 6). Thus, the middle ear cavity of KO mice appeared to be filled with inflammatory fluid indicative of otitis media. Loss of middle ear cavitation was also found in P5 KO mice (Fig. 4g) , whereas partially cavitated air-filled areas were observed in P5 WT mice (red asterisks: Fig. 4h, i) . In contrast to the impairment of middle ear cavitation, the shape and size of adult auditory ossicles, in which the Cdh11 was not expressed during embryonic stages (Supplementary Figure 3i -q), were not obviously altered (Supplementary Figure 3a-h) . Although the Cdh11 was expressed in the inner and outer pillar cells of the organ of Corti (Supplementary Figure 4a) , inner ear volume (Supplementary Figure 4b ) and cochlea shape ( Supplementary  Figure 4c and d) were similar between KO and WT mice. Taken together, these results indicate that the moderate hearing loss observed in KO mice was caused by deficits in middle ear development, and the inner ear may not be involved in the observed hearing loss.
Cdh11 is expressed in middle ear mesenchymal cells
The previous observations suggested that Cdh11 plays a critical role in auditory bulla development and middle ear cavitation. To examine the role of Cdh11 in these processes, we analyzed Cdh11 expression of in the developing middle ear by in situ hybridization. Since middle ear cavitation starts around birth [19] , we analyzed Cdh11 expression of immediately before birth. In theE16.5 embryo, the middle ear cavity was filled with mesenchymal cells (Me: Fig. 5a, b) . The sections hybridized with a Cdh11 antisense probe exhibited the Cdh11 mRNA in mesenchymal cells inside the middle ear (Me: Fig. 5c, d ). In contrast, staining was hardly detected in the mesenchymal cells of sections hybridized with a sense probe (Me: Fig. 5e, f) . These results indicate that Cdh11 is expressed in middle ear mesenchymal cells before birth.
To confirm the expression of Cdh11 in middle ear mesenchymal cells, we re-analyzed immunohistochemically. The sections reacted with anti-cadherin 11 primary antibody exhibited immunostainings in middle ear mesenchymal cells of E16.5 (Me: Fig. 6b, e 
Discussion
Using behavioral and morphological analyses, we found that the Cdh11-deficient mouse exhibits a moderate hearing impairment caused by abnormal middle ear development and could be used as a novel animal model of conductive hearing loss (Supplementary Figure 5) . Because C57BL/6 mice, to which the mice used in this study were backcrossed, exhibit hearing loss by 200 days of age [20] , the hearing loss observed in the young KO mice from this study is unlikely to be associated with age-related hearing loss. We also found that contextual fear memory was facilitated in KO mice ( Supplementary Figure 1f-h ). The Cdh11 is expressed in limbic system structures such as the hippocampus and amygdala [5, 6] , and synaptic plasticity in these brain regions may be associated with fear memory [13, 21] ; thus, memory facilitation in KO mice may be caused by the enhancement of LTP in the hippocampus and/or amygdala [6] . Alternatively, the moderate hearing loss observed in KO mice may have resulted in facilitated memory via some unknown mechanism. Moreover, since hearing loss can influence behavioral characteristics [22, 23] , it may be associated with some of the other behavioral abnormalities observed in KO mice.
To identify the cause of hearing loss in KO mice, we first searched for abnormalities of the inner ear. Although we found that the Cdh11 was expressed in inner and outer pillar cells in the adult cochlea of WT mice ( Supplementary Figure 4a) , we failed to detect any morphological abnormalities of the inner ear. In contrast, we found clear abnormalities of the middle ear, including smaller-sized auditory bullae and the loss of the AFs (Fig. 3) . The loss of the AF cavity likely caused the conductive hearing loss observed in KO mice. This interpretation is supported by a previous report [24] showing that conductive manipulations, such as partial filling of the middle ear cavity with saline, produced hearing loss accompanied by increases in ABR thresholds. We also found that the size of the auditory bulla was smaller in KO mice; however, it was unclear whether this phenotype was related to hearing loss. We speculate that smaller-sized auditory bullae may interfere with the free movement of the ossicular chain, resulting in hearing loss.
We also observed a thickened epithelium lining the auditory bulla of KO mice (Fig. 4e, f) , indicating that residual mesenchymal cells were present and middle ear cavitation was incomplete. The apoptosis of mesenchymal cells [25] and their transformation into epithelial cells [26] may be associated with the formation of middle ear cavitation. Here we showed that the Cdh11 was expressed in middle ear mesenchymal cells prior to cavitation (Figs. 5  and 6 ) and Cdh11-deficient mice exhibited severe cavitation impairment. These findings strongly suggest that Cdh11 plays an essential role in the cavitation of the middle ear. Detailed molecular function of the cadherin 11 on middle ear cavitation is not elucidated. It is possible, however, that the cell adhesion function of cadherin protein between mesenchymal cells have critical rule for middle ear cavitation because disappearing mesenchymal cells during the cavitation are always adhered as a mass [18, 26, 27] . We also observed that KO mice exhibited symptoms of otitis media and residual mesenchymal cells were often present in KO mice. Similar phenotypes were reported in other mutant mice exhibiting otitis media [28, 29] . Moreover, in human infants with congenital anomalies of the ear or other parts of the body, a positive correlation was observed between the amount of mesenchyme remaining in the middle ear and the degree of developmental abnormality of the middle ear [30, 31] . In mammals, endoderm-derived and neural crestderived epithelial cells lining the auditory bulla. Most endoderm-derived epithelial cells have cilia, but neural crest-derived epithelial cells that have underwent a mesenchymal-to-epithelial transformation do not have cilia [26] . It is possible that residual mesenchymal cells seen in KO mice disrupt the composition ratio of ciliated and unciliated epithelium, and therefore increase the infection rate of otitis media. Elucidation of the detailed molecular mechanism of cadherin 11 involved in the formation of middle ear cavitation could shed light on the etiology of otitis media and other middle ear defects.
Middle ear abnormalities have also been observed in other mutant mice [19, 28, 29, 32, 33] . Interestingly, most of these mutant mice exhibited craniofacial dysmorphology similar to that of Cdh11 KO mice as shown in our previous report [6] , which is understandable since both the auditory bulla and anterior cranium are derived from neural crest cells [16, 34, 35] . For instance, Tcof1 mutant mice showing severe conductive hearing loss [19] exhibit a deficit in the migration of neural crest cells to the frontonasal prominence and brachial arches, resulting in craniofacial abnormalities [36] . It should be noted that Cdh11 is expressed in neural crest-derived embryonic mesenchymal cells, which constitute the mandibular and maxillary arches that eventually form the jaw [2] . This role of Cdh11 in the formation of the cranium seems to be phylogenetically conserved. Cdh11 is also expressed in the neural Fig. 6 Immunohistochemical analysis of cadherin 11 protein in middle ear mesenchymal cells of the E 16.5, E18.5 and P2. Sagittal sections of the middle ear stained by hematoxylin-eosin (HE: a, g, m) or stained by anti-cadherin 11 primary antibody (b, h, n) or negative control without the primary antibody (c, i, o) of E16.5 (a, b, c), E18.5 (g, h, i) and P2 mice (m, n, o). The boxed areas are enlarged in the under panels (d-f, j-l, p-r). AC auditory capsule, Co cochlea, Me mesenchymal cells in the middle ear, TM tympanic membrane, broken lines boundaries between the AC and Me crest-derived cells of the genus Xenopus [37] and its protrusive activity is essential for craniofacial cartilage formation [38, 39] . Neural crest-derived cells could also affect the pharyngeal pouches of endoderm that helps form the middle ear by forming tympanic membrane [40, 41] . Thus, lack of Cdh11 in neural crest-derived cells may also influence middle ear formation indirectly. Taken together, the developmental abnormalities of the middle ear and cranium of KO mice are likely caused by a defect in the migration of Cdh11-expressing neural crest-derived cells. Further studies are needed to understand the precise molecular and cellular mechanisms by which Cdh11 regulates the development of the head.
